Caseous lymphadenitis (CL), caused by a pathogen of the second class of biosafety -Corynebacterium pseudotuberculosis, is a chronic and severe infectious disease that affects small ruminants and requires long, ineffective treatment which generally leads to animal sacrifice so as to stop the disease spreading. 
Introduction
Corynebacterium pseudotuberculosis (C. pseudotuberculosis) is a Gram positive, 1,2 non-encapsulated, facultative and intracellular bacterium, which is the etiological agent of caseous lymphadenitis (CL) in small ruminants (biovar ovis) and ulcerative lymphadenitis in equines (biovar equi).
3 This disease provokes great economic losses worldwide and affects wool, meat and milk production. 3, 4 Many efforts have been made toward a better understanding of the C. pseudotuberculosis pathogenicity through genomics, proteomics and metabolomics, 1, 5, 6 but the host-microorganism interaction mechanisms in CL are still not understood. Also, C. pseudotuberculosis is not an easy target for antibiotics. The encapsulated lesions in CL do not allow an easy penetration of drugs, thus, treatment is long and not effective in most cases. There are many efforts towards nding better CL treatments, for example, in vitro evaluation of antimicrobial susceptibility of C. pseudotuberculosis using a variety of antibiotics. 7, 8 Recently, silver and gold nanoparticles were tested [9] [10] [11] and their antimicrobial activities against the C. pseudotuberculosis 11 were reported. The current treatment of the CL depends on excision of lesions in supercial lymph nodes and the use of an iodine solution (10% in 70% of ethanol) for sterilization of surgical wounds, but iodine showed to be histotoxic and prolonged the wound healing process.
12
Silver antimicrobial activity is antique 10 and silver(I) has been used for treatment of wounds and ulcers from 18 th century. 13 The bactericidal effects of silver(I) had been described for many microorganisms, such as Escherichia coli, 14 Staphylococcus aureus, 15, 16 Candia albicans, Xanthomonas axonopodis pv. citri 17 and others. [18] [19] [20] However, the action mechanism of silver(I) is not fully understood. 21 In addition, silver nanoparticles (AgNPs) [22] [23] [24] [25] [26] [27] have a pronounced antibiotic activity and can decrease the inammatory cascade and tissue proliferation. The last two processes count on bro-blast cells activity that leads to a faster wound healing and formation of more organized collagen bres without creating scars. 23 Therefore, we hypothesized that AgNP application might assist in CL treatment in a practical and a cheap way if biobased particles could be applied, as to avoid the use of chemically synthesized AgNPs, which might have undesired effects, even in regard of environmental issues. But before recommended for use for animal and/or human treatment, the AgNP toxicity needs to be tested.
The current study aimed to formulate the biogenic AgNPbased skin-friendly cream for dermal use and apply it on post-surgery wounds of CL-suffering animals. Also, the effectiveness of AgNP-based cream was compared with the CL iodine treatment. Eventual toxic effects of AgNPs on treated animals were monitored through biochemical tests and serum metabolomics by NMR. 6, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Two types of AgNPs were tested, biogenic Fusarium oxysporum ones and bio-based AgNPs from Citrus sinensis peel extracts.
18,38

Materials and methods
Biogenic silver nanoparticles (AgNP) syntheses
The synthesis of AgNPs from Fusarium oxysporum was done based on the procedure described by Ballottin et al. (2017) . 17 Briey, 10 g of fungal ltrate (Fusarium oxysporum) was mixed with a silver nitrate solution (1 mmol L À1 ), which formed nano silver in 72 h in the dark.
17
On the other hand, the synthesis of AgNPs with orange peel extract was performed as described by Barros et al. (2018) . 38 Briey, an orange peel extract was made by mixing 50 g of chopped peel with water and aer heating it up to the boiling point. Then, using ltration and a 0.22 mm pore membrane, the orange peel extract was obtained and added to a silver nitrate solution (1 mmol L
À1
) and kept in the dark for 48 h.
38
These nano silver particles 17, 38 were characterized and showed the following physical-chemical properties: (a) F. oxysporum AgNPs had sizes of 28.0 AE 13.1 nm, showed polydispersity of 0.231, zeta potential of À31.7 AE 2.8 mV, and were spherical in form; (b) orange peel AgNPs had sizes of 48.1 AE 20.5 nm and polydispersity of 0.312, zeta potential of À19.0 AE 0.4 mV, also, were spherical.
C. pseudotuberculosis cells and AgNP activities
The C. pseudotuberculosis strain 1002 was provided by Laboratório de Genética Celular e Molecular (LGCM, UFMG, Belo Horizonte, Brazil) and maintained in glycerol at À80 C, until cultivation in Brain Heart Infusion (BHI) broth at 37 C for 40 h.
C. pseudotuberculosis was grown in the culture medium, centrifugated and transferred to a NaCl solution (0.9%) with dilution monitored by turbidity at 600 nm (0.1). Then, bacteria were pipetted in sterile 96-well plates. A volume of 100 mL bacterial culture and 100 mL of sterile medium culture was pipetted in the rst row of the plate (Positive Control) and in row 2, 100 mL of AgNP suspension and 100 mL of sterile culture medium were added (Negative Control 
AgNP-based cream formulation
The cream formulations with AgNPs were made with a natural oily base and nanoparticles obtained by two described methods, which were incorporated aer preparing the base. The cream in the water-in-oil base was prepared by heating the natural NMR sample preparation for C. pseudotuberculosis analysisin vitro
For this NMR analysis and subsequent metabolomics, 3 distinct groups were studied. In all groups, C. pseudotuberculosis was grown in 10 mL of BHI media. For group 1, the bacterial cultures were grown for 24 h at 200 rpm and 32 C. To the culture media of groups 2 and 3, 10 mL of ampicillin (0.25 mg mL À1 ) and 10 mL of AgNPs (20 mg mL À1 ) were added, respectively, aer 16 h of agitation. Then, the cultures were grown for another 8 h, reaching turbidity at 600 nm of 0.8. By adding ethanol, in the ratio 1 : 1 (v/v) to the bacterial cultures, the growth of C. pseudotuberculosis was quenched. Then, the suspensions were centrifuged for 10 min at 7000 Â g at 4 C, and the cells were suspended in 30 mL of ice-cold PBS (20 mmol L À1 , pH ¼ 7.2, 0 C); this step was repeated twice. The cells were lysed by ultrasonication for 10 s (Ultrasonique). The obtained biological material was centrifuged at 17 000 Â g during 2 min, then the supernatant was kept, cell residues were washed, and the supernatants were combined and lyophilized. Samples for NMR were prepared by dissolving 15 mg of the biological material into 500 mL of deuterium oxide and spectra were acquired on a Bruker Avance III 600 MHz spectrometer with TBI -probe at 25 C. 1 H NMR spectra were acquired as described in analysis section.
Postsurgical wound treatment: 10% iodine solution and AgNP -based cream -in vivo assays
Postsurgical treatment of caseous lymphadenitis in infected animals was conducted with 29 animals, 9 sheep and 20 goats in a research coordinated by Federal University of Bahia. All animals presented clinical symptoms of the disease and the presence of the bacteria in the affected lymph nodes was conrmed by microbiological assays. The animals underwent a surgical procedure that started with the trichotomy of the skin above the enlarged lymph node and disinfection with 70% ethanol. An incision was made with a sterile blade and all the caseous material was removed and collected in sterile vials for further microbiological processing and bacterial identi-cation. The surgical wound was then treated with a 10% iodine solution in 70% ethanol (three times per week, for 8-10 weeks) or with the AgNP-based cream, one time just aer the surgical treatment, the wound was lled with a cream to cover all the lesion. Veterinarians (Federal University of Bahia, UFBA, Salvador, BA, Brazil) monitored animals for 10 weeks aer the treatment, and clinical parameters (body temperature, respiratory and cardiac frequency, hydration prole, colour of mucosa) were weekly taken and the size and prole of the wounds were recorded. This work was approved by the Committee on Ethics in Animal Experimentation of the Veterinary School of the Federal University of Bahia (number 35/2017).
NMR analyses
Blood samples were collected weekly from 29 animals per 10 weeks. Overall, we used sheep (5/9) that underwent AgNPbased cream treatment and 4/9 that were treated with iodine. Goats (10/20) that underwent AgNP-based cream treatment and the other ten animals were treated with iodine. Serum samples were obtained by centrifugation and stored in a bio freezer at À80 C until the acquisition of NMR spectra.
NMR analyses were done from serum prepared by dilution 1/1 sequence. The spectra were processed using LB ¼ 1.00 for F2 and LB ¼ 0.30 for F1. NMR acquired spectra were divided into two groups: sheep (O) and goats (C) group. Both groups were classied by type of the treatment -iodine (10%) (I) and AgNP-based cream (P), and all spectra were normalized by sum, with exclusion of residual water signal (HDO from d 4.20 to 5.50) and exported as matrix for chemometrics analyses using soware MetaboAnalyst 3.0.
The samples from the C. pseudotuberculosis extract were divided into three groups. The rst group refers to extract, the second group represents the extract of post-ampicillin treated bacteria and the third group -the extract with AgNP from orange peel.
Inductively coupled plasma optical emission spectroscopy
Presence of Ag(I) in animal serum samples was determined using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) technique, Perkin-Elmer -Optima 8300. An analytical curve, with silver(I) of ICP standard (Grupo Química, conc. 1000 mg L À1 , 1 g Ag(I) per 2 to 5% HNO 3 ) was prepared and the serum sample from sheep 564 P_O, aer application of AgNP-based cream was analysed.
Results and discussion
Minimum inhibitory concentration and scanning electron microscopy
The physical and chemical characterization of the nanoparticles used in this study can be found in previous articles.
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Inspection of C. pseudotuberculosis growth was determined visually in the plate wells. The rows in which the turbidity could not be observed (characteristic for bacterial growth) were considered as AgNP concentrations that completely inhibited the microorganism growth. The MIC value obtained for C. pseudotuberculosis of Fusarium oxysporum nanosilver was 33.5 AE 2.0 mg mL À1 , and of orange peel nanosilver was 22 AE 2.0 mg mL À1 . 22 In addition, AgNPs were bacteriostatic at the same concentrations.
The SEM images of C. pseudotuberculosis versus biogenic silver nanoparticles are presented in Fig. S1 (ESI †). It can be observed that there are bacterial clusters (spheres and rods) at AgNP MIC when compared to the other conditions. The cells appear to be deformed in an environment with organic matter, which may indicate the presence of cell debris. Some clear spots have been observed, which may be attributed to the nanoparticles, much smaller than the cells of C. pseudotuberculosis (0.5-0.8 mm per 1.0-3.0 mm). The mechanism of antimicrobial action of silver nanoparticles is not completely known, however, there are some theories that explain the performance of silver(I) and silver(0) on bacteria.
21,40-42
Chemometrics on NMR data from test performed in vitro with C. pseudotuberculosis extracts also show separation tendency but less pronounced, which is to be expected because they refer to the extracts treated with antimicrobials. The analysis of the loading graph (Fig. S2 †) indicates that there are two regions responsible for the differentiation between the samples in PC 1. One of them varies from 0.91 to 0.94 ppm and is in the positive region in PC 1 and at the 1.45 ppm in negative PC 1 region. In PC 2 we also found the region of 1.45 ppm, but in this case, it showed positive loadings. Also, it was observed that chemical shi at 1.44 ppm showed negative loadings. The metabolites with chemical shi at 1.45 ppm were present in the highest concentration in the group 1, whereas the metabolites in the region between 0.91 and 0.94 ppm showed greater amounts in groups 2 and 3. It is important to note that these are relative concentrations because no quantitative experiments were per-formed. As PCA is only an exploratory analysis of the data, an analysis of PLS-DA was also performed.
The results of the PLS-DA model were similar to the PCA and there was also a signicant separation between the groups, as can be observed in Fig. 2 . Group 1 separates well from groups 2 and 3, in PC 1 (variance 29.8%), while groups 2 and 3 were separated from each other in PC 2 (variance 19.6%).
The analysis of the loading graph points to three important regions: (A) 0.91 and 0.94 ppm in PC 1and (B) 1.44 and 1.45 ppm in PC 1; and (C) 1.44 to 1.45 ppm in PC 2. The chemical shis around 0.90 ppm refer to the lipid region and at 1.44 ppm to aliphatic hydrogens from the carbon chains that belong to the mycolic acid, which is the main constituent of long chain lipids in cell wall of target mycobacteria. [43] [44] [45] The analysis of the VIP score graph (Fig. 3) conrms the conclusions obtained from the loading graph.
The importance of the variances with chemical shis at 1.44 and 3.68 ppm can be attributed to mycolic acid long chains from the cell wall in C. pseudotuberculosis extracts. Inosine and adenosine are also present in higher concentrations in extract treated with AgNPs, due to defence of bacteria against silver nanoparticles and higher production of extracellular adenosine. Mature products of adenosine synthases, in Gram-positive bacteria are localized in the bacterial cell-wall envelope and are responsible for the increase of extracellular concentrations of the potent immunosuppressive molecule adenosine and, through this mechanism, can perturb immune defences and The red circles present the group of C. pseudotuberculosis extract, the green circles correspond to C. pseudotuberculosis extract after addition of ampicillin and blue circles represent the C. pseudotuberculosis after addition of AgNPs.
promote their survival in host tissues. 46 AgNPs could induce cell death through increased membrane permeability and inactivation of the bacterial respiratory chain.
47-49
The 
Biogenic AgNP-based cream -effects on wounds
A topical epidermal administration of water-in-oil cream emulsions or ointment as carriers of active substances enables their penetration to deeper layers of the animals' skin. Epidermal lipids are non-polar, composted from ceramides, sterol, fatty acids and lipophilic molecules and therefore, penetration through the stratum corneum is facilitated. 50 Aer removal of nodules caused by the bacteria C. pseudotuberculosis, the animals were treated with AgNP-based cream or iodine solution and monitored for a period of ten weeks, in which iodine procedure was repeated three times per week. It has been observed that wounds were healed just aer two weeks (Fig. 4) when AgNP-based cream treatment was used, differently for seen for iodine solution application that took a two to three times longer treatment period. Most of all, AgNP-based cream treated animals did not presented alterations of body temperature, respiratory and cardiac rate, mucosa coloration, as well as, there were no signals of photo-sensibilization in the treated skin and wound.
The action of the AgNP cream prevents the further formation of colonies of C. pseudotuberculosis as seen in MIC assays. In general, shallow skin lesions heal efficiently within the time of 2 weeks, compromising the epidermal cicatrix at the site of the injury. Most of the wounds do not fully regenerate and leave a connective tissue scar on the surface. Many wounds involve damage to blood vessels and provide a temporary repair, which initiates with hemostasis. 26 In haemostasis, a brin clot temporarily plugs the damage site and, in subsequent days, starts the healing process. There are ve phases in wound healing: haemostasis, inammation, cellular migration and proliferation, protein synthesis and wound contraction, and, lastly, remodelling. Because there is some overlap between these phases, they have been condensed into three phases: inammation, proliferation, and remodelling. 23, 26 There is a reservoir of cytokines and growth factors released by activated degranulating platelets aer clotting. During the inammatory phase, these chemicals signal process and sequential inltra-tion of inammatory cells (neutrophils, macrophages, and lymphocytes) at the wound site. 23, 25, 26, 51 Neutrophils accumulate within minutes at the injury site to engulf and clear up any contaminating bacteria. Later, macrophage cells phagocytose neutrophils and apoptotic cells and undergo phenotypic transition to the reparative state that stimulates keratinocytes, broblasts and angiogenesis. Later, macrophage cells phagocytose neutrophils and apoptotic cells and undergo phenotypic transition to the reparative state, which stimulates keratinocytes, broblasts and angiogenesis. 52 Herein, there are clear indications that silver incorporated into the oily base cream can promote wound healing, reduce the inammatory phase and increase the proliferation time and re-modeling.
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It is very important to emphasize that the applied AgNPbased cream treatment had a positive effect on wound healing, which also has been shown in several papers. Recently, Stojkovska et al. 53 compared commercial treatment (Sulfadiazine cream 1%) with wet and dry alginate microbers with AgNPs of the second-degree thermal wounds in Wistar rats. Histopathological analyses pointed to improved granulation and reepithelization, organized extracellular matrices in a treated group, and no harmful effects of silver. 53 Similar, positive effects were demonstrated in experiment by Tian et al. 23 where treated burn wounds of Wistar rats with nanosilver dressings were monitored through cytokines' proles during the treatment. Improved wound healing, reduced appearance of scars, decrease in inammation-indicating cytokines (IL-10, IL-6, TGF-b1, VEGF and IFN-g), without any detrimental effect on the metabolism of the animals were reported. 23 Moreover, there are results of various wound dressings, gaze, gels, solutions and creams based on nanosilver, which improve wound healing, increase rate of proliferation of the broblasts, accelerate epithelization and reveal a clean environment through the antimicrobial properties of silver(I) present. Aer the exclusion of the HDO signal, for each analysed group (Fig. S4 and S5 , ESI †) the mean spectra were obtained. Aer the subtractions, between the mean spectra of iodine and AgNP-based cream for both animals' groups ( Fig. S6 and S7 †) , some small differences in blood metabolomes are seen. Therefore, according to the 1 H NMR data, the two treatments did not cause differences in most NMR metabolites signals, except in the lactate signal (d 1.33) and sugar region (d 3.00-4.00). Cited differences could be indicative for longer inam-mation period in the area of the wound, which was observed during the treatment with iodine solution.
The scores in PC 1 and PC 2 showed variances of 28.2% in PC 1 and 14.8% in PC 2, and do not point to separation even aer exclusion of two outliers (569_1I C and C543_8P) as illustrated in Fig. S8 (ESI †). Observing the loading graph (Fig. S8 †) for PC 1 and PC 2, there are no signicant differences between two treatments, except the ones observed in the lactate region, conrming observation made upon analysis of the 1 H NMR mean spectra. Thus, prolonged inammation in samples treated with 10% iodine solution and also the prolonged wound healing in iodine treated animals might have provoked these differences. In addition, the results of PLS-DA also did not point to a trend for separation of the groups, so it may be assumed that both treatment methods affected the metabolism of the animals in a very similar way when compared serum metabolites.
The score plot of PLS-DA method (Fig. 6 ) conrms that serum samples from the goats are very similar and almost superimposed (two outliers, 569_1I C and 543_8P C were excluded before performing the PLS-DA analysis).
The the glucose multiple resonances. These substances showed relatively high concentration in the serum when animals were treated with the 10% iodine solution, probably as a consequence of prolonged inammation and slower wound healing. The plot graph using the PLS-DA method presented in Fig. 8 Inductively coupled plasma-optical emission spectrometry ICP-OES Concentration of Ag(I) in animal serum aer the application of AgNP-based cream was determined. The highest concentration of Ag(I) was lower than 10 ppm (mg L À1 ). As seen in the histogram of silver ion concentration obtained from sheep sample 564 treated with AgNP-based cream (Fig. S10, ESI †) , only a slight variation of silver(I) was detected, but during treatment, the ion concentration did not exceed 10 ppm. Since the concentration of free ions in the course of treatment with commercial cream (Sulfadiazine cream 1%) exceeds, in some cases, much more than 10 ppm, 57 we can conclude that the treatment we proposed with AgNP-based cream accumulates smaller amount of free Ag(I) ions in blood of the treated animals.
Conclusions
Cream with biogenic silver nanoparticles was prepared and used for wound treatment aer surgical removal of nodules caused by caseous lymphadenitis disease in sheep and goats. With the aim to compare the proposed and conventional treatment with 10% iodine solution, serum metabolomics by NMR was done. All biochemical tests pointed to a signicant clinical improvement of the AgNP-based cream treated animals without any metabolic or clinical change. These observations indicate that new treatment had no side effects on animals. In addition, the treatment with the AgNP-based cream accelerated up to 2-or 3-times wound healing. AgNP-based cream treatment improved animals' recovery from CL, as no recurrence of CL was noted in any of the treated animals.
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